Fluorine doped tin oxide (FTO) and aluminum doped zinc oxide (AZO) were systematically investigated as alternatives to indium tin oxide (ITO) for canonical poly(3-hexylthiophene) (P3HT) + [6,6]-phenyl-C61 butyric acid methyl ester (PCBM) polymer bulk heterojunction (BHJ) solar cells. Devices made with FTO performed twice as well as devices made with ITO, establishing FTO as a suitable, low-cost ITO replacement. Ozone treatment was shown to be a critical enabling element for both FTO and AZO. X-ray photoelectron spectroscopy (XPS) and device characteristics were used to explain the effect of ozone treatment and the origin of open circuit voltage.
INTRODUCTION
Successful development of efficient, low cost organic photovoltaic devices (OPVs) will have sweeping implications for worldwide energy production. Since Tang first introduced organic donor-acceptor OPV devices over a decade ago, 1 power conversion efficiencies have risen above 5% for both polymer and small molecule based devices. 2 Lifetimes of more than 10,000 hours have also been recently demonstrated. 3 The use of sprayable or printable photoactive polymer materials offers inherent cost savings needed for solar energy adoption in the competitive marketplace. In addition to organic materials, transparent conductors comprise one of the major cost drivers for organic solar cells. Indium Tin oxide (ITO) remains the de facto standard transparent conducting oxide (TCO) used in OPV cells due to its combination of high optical transparency, high work function, and metallic conductivity. 4 The cost of ITO, however, is expected to increase substantially due to the rarity of Indium base metal combined with surging market demand arising from flat panel displays.
In this work, fluorine tin oxide (FTO) and aluminum doped zinc oxide (AZO) are systematically examined as ITOreplacement materials for canonical poly(3-hexylthiophene) (P3HT) + [6, 6] 
EXPERIMENT
Both FTO and AZO possess high electrical conductivity and optical transparency. FTO can be produced cheaply via spray pyrolysis and is typically used for dye sensitized solar cells.
11 AZO can be produced by various means, including DC sputtering, and requires no high temperature annealing. 12 We demonstrate a doubling of OPV performance with the use of ozone treated FTO as opposed to a standard ITO anode without the need for a buffer layer. We identify ozone surface treatment as an essential enabling element for both FTO and AZO anodes, and explain the effect of ozone treatment using x-ray photoelectron spectroscopy (XPS). Finally, an explanation for the origin of open circuit voltage is proposed based on OPV device characteristics and XPS work function measurements.
OPV devices were fabricated on glass substrates cleaned in acetone, methanol and deionized water, followed by 15 minute ultraviolet (uv)-ozone treatment. Reference devices were fabricated on ITO coated glass substrates (15 Ω/□) purchased from Colorado Concept Coatings Inc. and cleaned in the same manner. AZO films (90 Ω/□) were produced using dc magnetron sputtering in a BOC Edwards Auto 306 coating system equipped with an MDX 1.5 K DC Plasma Generator Power Supply. The base pressure was ~10 -7 Torr. A 3-inch diameter ZnO target doped with 2 wt.% Al 2 O 3 was sputtered at 50 W in a 5 mTorr Ar atmosphere. FTO coated glass (25 Ω/□) purchased from Solaronix Inc., was used following cleaning as per above. Sheet resistance measurements of all films were taken using a Keithley 2400 SourceMeter and four-point probes. Film thicknesses were measured using a KLA Tencor P-16+ stylus profilometer. Optical transmission spectra were taken using a Cary spectrophotometer. Surface morphology was observed via scanning electron microscopy (SEM) and atomic force microscopy (AFM) in tapping mode. XPS measurements were performed using a PHI 5500 system with monochromated Al K α x-rays (1486.6 eV). All spectra were calibrated by referencing to the Fermi edge of sputtered Au. ITO, AZO, and FTO films were treated by ex situ uv-ozone for 60 min.
PCBM (17mg/mL):P3HT(17mg/mL) solution was prepared in 1,2-Dichlorobenzene in a nitrogen-filled glove box, then stirred in dark for 8 hours at 50℃. This solution was spin-coated on the various TCO substrates at 500rpm for 9s, then at 1100rpm for 45s. The polymer layer was dried for 24 hours at room temperature in a glove box, and the resulting film thickness was found to be 65 nm. Lithium fluoride and aluminum films were thermally evaporated in a vacuum chamber with base pressure ~10 -7 Torr. Circular aluminum cathodes were used to define a device active area of 4.45 mm 2 in all cases. Film thicknesses were monitored using a calibrated quartz crystal monitor. The final device structure was as follows: Anode/ PCBM:P3HT (65 nm)/ LiF (1 nm) )/Al (80 nm). Device current density versus voltage (J-V) characteristics were measured using a Keithley 6430 sub-femptoamp meter under 100 mW/cm 2 (1 sun) simulated AM1.5G solar illumination.
RESULTS AND DISCUSSIONS
As will be shown below, ozone treatment of FTO and AZO alternatives is essential for efficient BHJ device performance. It is well known that treatment of ITO with ozone serves to increase its work function and improve the performance of devices made therewith. Importantly, we find that a similar increase in work function results for both FTO and AZO films upon treatment. Figure 1a shows the XPS secondary cutoffs for treated and untreated AZO and FTO. In both cases, ozone treatment was found to increase the work function of the TCO by 0.4 eV, resulting in a 0.4 eV shift in the secondary cutoffs towards lower binding energy. A common explanation for this increase in work function is band bending due to carrier accumulation at the oxide surface 13 . Band bending would cause both a core level shift and a change in work function.
14,15 Figure 1b shows the Sn 3d 5/2 and Zn 2p 3/2 spectra for ozone treated and as-deposited FTO and AZO. No appreciable core level shifts are observed after ozone treatment. Therefore, band bending alone does not explain the increases in work function. We posit the formation of dipole layers arising from oxygen termination of the TCO surfaces during ozone treatment as the cause of the work function increase. Such dipole layers would raise the apparent material work function without creating a depletion region that would cause a core level shift. ( ) ( ) ( )
where e is the charge of an electron, ( ) n x is the carrier concentration, and n μ is the electron mobility. 16 A similar relation applies for holes. At OC V , current flow is zero, and the quasi fermi levels Fn E and Fp E are constant. Assuming no voltage drops at the contact interfaces, OC V equals the maximum splitting of the quasi fermi levels across the solar cell.
16
(2) Due to the homogeneity of the active region in a bulk heterojunction, the concentration of charges being generated is approximately uniform throughout the photoactive layer. Although concentration gradients may exist locally in PCBM and P3HT phases, no significant concentration gradients of photogenerated charge are expected over the entire thickness of the photoactive region. Consequently, we expect the device current to be dominated by the drift current.
( )
At the OC V condition, zero net current flows. Therefore, we have that DRIFT J is approximately nil, implying zero field across the device according to equation 3. Figure 3a shows the potential difference developed across a BHJ device due to quasi Fermi level splitting under illumination. For zero field and zero drift current, we must have that Turning to our devices, we see that the device made with ozone treated FTO exhibited a OC V larger than bi V calculated from the work function difference of the FTO and Al contacts. Furthermore, the FTO device showed higher OC V than the device made with AZO, despite having a lower built-in potential. The reason for this apparent discrepancy lies in the ability of the various TCOs to block electrons from exiting the active region, which was not taken into account in the discussion above. As the forward bias is increased beyond bi V , photogenerated electrons will tend to move towards the anode. If there were no barrier to electron flow out of the device, a forward current would result, and the open circuit condition would no longer exist. However, if a barrier to electron flow is imposed at the anode, electrons will tend to accumulate at the anode contact. This scenario is depicted in figure 3b . An entropic diffusion current to oppose the drift current will thus develop, allowing a zero current condition at higher bias. 
CONCLUSION
In sum, we have shown that FTO can be used as an indium-free TCO alternative to ITO for PCBM:P3HT devices, yielding power conversion efficiencies twice those of devices fabricated on ITO, without the need for a buffer layer. Using XPS core level and secondary spectra, it was shown that ozone treatment increased the work function of FTO and AZO without causing core level shifts. The increase in work function was consequently ascribed to the formation of a dipole layer due to oxygen termination of the surface. Finally, using device characteristics in conjunction with XPS surface measurements, the increase in efficiency observed for the FTO anode, and the open circuit voltage achieved by the various devices, was explained using a classical quasi-fermi level framework.
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